Reducing the emission of secondary electrons from materials is critical to improved efficiency and increased performance in high power vacuum electronics. A new mathematical expression for the secondary emission yield (SEY) as a function of the impact voltage up to a maximum of 5 kilovolts is proposed which is an extension of a formula first suggested by Vaughan. The new analytical fit and Vaughan's fit are compared with SEY experimental data reported by others and measured by our group. The new analytical expression gives good fits to SEY experimental data in all cases, even when the SEY maximum is either slightly larger or below unity, two situations for which Vaughan's fit is either inadequate or inapplicable.
Introduction
When electrons strike a material, there is a probability that a secondary electron will be emitted from its surface. For this to occur, the secondary electron must migrate towards the surface and have sufficient energy to leave the material. The number of secondary electrons emitted per incident electron is referred to as secondary emission yield (SEY) [1] [2] [3] [4] [5] [6] [7] [8] . Modeling of SEY versus impact voltage has been performed for a long time [1] [2] [3] [4] [5] [6] , using Monte Carlo simulations [9] [10] [11] [12] [13] [14] and development of semi-empirical models [15] [16] [17] . Over the years, there have been several proposals for semi empirical formulae to fit SEY experimental data [15] [16] [17] [18] [19] . For instance, Vaughan proposed an empirical formula to fit SEY data over a range of low impact voltage regime, i.e., which he tested with data up to a maximum of 2.25 kilovolts [18] . This method requires the knowledge of three critical points in the SEY data, including the values of the impact voltage where the SEY reaches unity on both sides of the SEY maximum (which must be obtained by extrapolation of SEY measurements), as well as the value of the impact voltage at which the SEY reaches a maximum. For Vaughan's fit to work, the SEY maximum must be greater than unity (around 1.3 or above), as will be shown in section 4. For the sake of comparison with the new SEY fit proposed in this paper, we first briefly describe Vaughan's analytical fit.
The formula proposed by Vaughan for the SEY (δ) is as follows:
where δ max is the SEY max, v is the normalized incident electron impact voltage:
where V 0 is the threshold voltage (i.e., the impact voltage at which δ rises abruptly when the incident electron has sufficient energy to generate secondary electrons), V i is the impact voltage, and V max is the value of the impact voltage where δ max occurs.
In Eq.(1), k is a fitting parameter that must be estimated using the SEY experimental data. Equation (1) agrees with the experimental data at the SEY maximum. In Vaughan's approach [18] , the value of k is selected so that Eq.(1) agrees with the SEY experimental data at two additional impact voltage values: the impact voltages below (v 1 ) and above (v 2 ) the SEY maximum at which the SEY is equal to unity, as illustrated in Figure 1 (the values of v 1 and v 2 may have to be determined by extrapolation of measured SEY data). As shown by
Vaughan [18] , this can be achieved with Eq.(1) if the following smooth variation of the fitting parameter k is used:
where k 1 and k 2 are given by:
Vaughan's approach, three critical points are used to fit SEY experimental data: the location of the SEY maximum and the two values of the impact voltage at which the SEY (delta) reaches unity. These two values are labeled v 1 and v 2 below and above the SEY maximum, respectively.
The values of the impact voltage are normalized using Eq.(2). In these units, the SEY maximum occurs at v max .
Vaughan's fit [18] works well for SEY data with δ max at about 1.3 or above but becomes less accurate for impact voltages larger than 3 times V max . As will be shown in section 4, as δ max approaches unity, Vaughan's fit is only accurate near the SEY maximum. By construction, Vaughan's fit cannot be applied when δ max drops below unity.
In the next section, we extend Vaughan's approach and propose a new empirical fit to SEY data which is not only applicable for SEY data with maxima below unity, but also provides a good fit in the entire impact voltage range above V max for SEY data taken up to 5 keV.
Improved Vaughan Fit
The proposed new SEY fit requires the knowledge of five critical points in the SEY experimental data, which include the location of the SEY maximum, and two extra points both below The new fit to SEY data is based on the following empirical formula which is a generalization of Vaughan' expression:
where the values of the fitting parameters for k 1 and k 2 are found by imposing that Eq. (5) 
where the values for δ L,H α,β are varied as a function of the fitting parameters Γ Similar to approach suggested by Vaughan, the following expression is used:
to allow a smooth transition of the values of k 1 and k 2 from below (k 3 Experimental SEY Measurements This setup uses a two step process to make SEY measurements. In the first step ( Figure   3a ), the electron gun is first directed towards the target with a given energy. The current that flows from the target to ground is then recorded. This current represents absorbed electrons that were not re-emitted or backscattered. In the second step (Figure 3b ), a positive DC voltage bias is applied to the target and a second current value is recorded. The energy of the incident electron beam is reduced proportionally to the DC bias voltage to compensate for the additional kinetic energy from the bias voltage. This new current now represents all absorbed electrons in addition to low energy secondary emitted electrons that now cannot escape the electric field generated from the DC voltage source. Secondary electrons have typically very low energy so a DC bias of 100 V, which would retain all electrons under 100 eV, successfully captures almost all the secondary electrons. This process neglects any re-emitted electrons with an energy greater than 100 eV and all backscattered electrons.
After both current values are recorded, the SEY can be calculated as the ratio of the re-emitted electron current to the total current. Total current can be estimated by the current produced from the bias ON state, while re-emitted current can be estimated with the current from the bias OFF state subtracted from the current from the bias ON state. This results in the following simple formula used to calculate the SEY:
where the current from the DC bias ON and OFF conditions is given by I ON and I OF F , respectively.
The setup shown in Figure 3 takes place in a vacuum chamber that is consistently kept under a pressure of 10 −8 Torr. The electron beam used could be accelerated up to a max electron kinetic energy of 5 keV. A more detailed discussion of SEY measurement methodology is discussed by Kirby [20] . Most SEY data taken using the technique described above had an energy range from 100 to 5000 eV. In our experiments, we measured the SEY at 5 different locations in the low impact voltage regime, i.e., below and around V max , and at 5 other locations (from 1 to 5 kV, in steps of 1kV) above V max . To test the validity of the new SEY fit proposed in this paper, some of the SEY data points modeled in the next section were taken from the literature, with most plots containing about 10 experimental SEY data points with the 5kV range investigated hereafter.
Results
The extension of Vaughan's fit was tested on multiple SEY data sets and compared with Vaughan's original fit. Figures 4 through 13 show fits to SEY data for various samples, where the modified Vaughan fit (Eq. 5) works excellently up to 5 keV. The value of the threshold voltage V 0 in all these fits was set equal to 0 and found to be fairly insensitive to its exact value. Tables (I-III) show all the parameter details for the samples covered in this work. Any SEY data provided by our group used the measuring technique describe above in section 3. The figures are ordered from highest to lowest SEY maximum data.
Materials with SEY data with maximum above 1.3
Figures 4 through 6 show data with SEY maxima above 1.3. For those cases, Vaughan's fit (Eq. 1) follows the SEY curve relatively well up to about 3V max . However, the SEY data in Figure   4 does not contain the SEY unity intersection in the high impact voltage regime required for Lastly, Figures 12 and 13 show data with SEY maxima below unity. Equation (1) is inapplicable for all these data sets, while Eq. (5) Table III . by Joy [22] . The original Vaughan fit is not shown since the SEY maximum is below unity.
